The shoot density, leaf length and biomass of the seagrass Cymodocea nodosa (Ucria) Ascherson were found to severely decline in the last 17 years in the oceanic island of Gran Canaria (central Eastern Atlantic). Five seagrass meadows were sampled in summer and winter of 1994-1995 and in winter and summer 2011. The decrease in C.
Introduction
On shallow subtidal soft bottoms, seagrasses are the main foundation species from tropical to temperate oceans. The mechanisms behind their influence on community structure are multifaceted, but key ecological functions include modifying local environmental conditions and the provision of food and habitat for a wide range of organisms (Constanza et al., 1997) . Conservation of these valuable habitats is therefore important, particularly since seagrass meadows are declining worldwide, mainly in areas of intense human activities (Duarte et al., 2008; Hughes et al., 2009; Waycott et al., 2009 ). There is, however, no information on seagrass distribution and abundance patterns from most coasts of the world over the last decades, and so many losses are unknown (Duarte et al., 2008) .
Cymodocea nodosa (Ucria) Ascherson is a seagrass distributed across the
Mediterranean Sea and the adjacent eastern Atlantic coasts, including the Macaronesian oceanic archipelagos of Madeira and the Canaries (Alberto et al., 2006; Mascaró et al., 2009) . Meadows constituted by C. nodosa are the dominant vegetated communities in shallow soft substrates throughout the Canaries (Pavón-Salas et al., 2000; Barberá et al., 2005) , where they provide food and shelter for diverse invertebrate and fish assemblages (Tuya et al., 2001; Tuya et al., 2006; Espino et al., 2011) . These meadows are generally located along the eastern and southern coasts of the islands, sheltered from the dominant swells from the north and north-west. C. nodosa forms extensive, but often fragmented, subtidal meadows (Reyes et al., 1995a; Pavón-Salas et al., 2000; Espino et al., 2003; Barberá et al., 2005) . In this region, C. nodosa shows a clear seasonal pattern, with a summer peak in shoot density and biomass (Reyes et al., 1995a (Reyes et al., , 1995b Tuya et al., 2006) , similar to what has been observed in the Mediterrean (e.g. Terrados and Ros, 1993) .
In the Mediterranean, widespread decline of seagrass meadow has often resulted in the replacement by green algae such as Caulerpa (Ceccherelli and Cinelli, 1997; Lloret et al., 2005) , though the time scale can affect interactions between C. nodosa and Caulerpa. For example, on the long-term, effects of Caulerpa on C. nodosa may not be so severe (Ceccherelli and Sechi, 2002) . The ecological mechanisms behind these shifts in seagrass abundance (cover) vary between studies. For example, human-induced increases in nutrient loading and suspended sediments in the water column, involving a reduction in water transparency, can locally facilitate the replacement of C. nodosa by Caulerpa prolifera (Forsskål) J.V. Lamoroux (Lloret et al., 2005; Morris et al., 2009 ).
In other circumstances, competition for nutrients in the sediment has been pointed out as the main ecological mechanism explaining the regression of C. nodosa and the concurrent expansion of Caulerpa beds (Ceccherelli and Cinelli, 1997) .
In this study, we (i) compared the shoot density, leaf length and biomass of the seagrass C. nodosa in 5 seagrass meadows at the oceanic island of Gran Canaria (Canary Islands, eastern Atlantic) between 1994-1995 and 2011. Since we detected a sharp decrease in the abundance (shoot density and biomass) of C. nodosa that was partially matched with an increase in the biomass of the green, rhizophytic, native algae C. prolifera, we additionally (ii) tested whether the biomass of C. nodosa and C. prolifera are currently negatively correlated across the island, and in a manipulative field experiment (iii) tested if C. prolifera can have a negative effect on C. nodosa, i.e.
whether removal of C. prolifera would increase the abundance of C. nodosa.
Materials and methods

Historical comparison
Five seagrass meadows (Table 1) were selected across the entire distribution area of C. nodosa in Gran Canaria. Each meadow was between 0.5-10 km apart from the adjacent studied meadow to encompass a range of conditions across the island. Each meadow was sampled in 4 occasions (Table 1) , including a winter and summer season in 1994-1995, and winter and summer of 2011. On each sampling time, three cores (20 cm of inner diameter) were pushed into the sediment by a SCUBA diver. All material was then transferred to labelled bags and frozen (-20ºC) until being processed in the lab.
For each sample, we counted the number of shoots (shoot density), as well as measured the length of 30 randomly selected leaves. The biomass was separated into leaves and rhizomes and subsequently oven-dried (24h at 70ºC) to obtain dry-weight biomass measurements. The dry biomass of all accompanying macroalgae, mainly the green algae Caulerpa prolifera, was also obtained. All measurements were standardized to m -2 to facilitate comparisons with other studies, and followed standardized procedures (Bortone, 2000) . Temporal differences between years (hereafter mid-1990s vs. 2011), seasons (winter vs. summer) and sites (=meadows) for all demographic descriptors were tested by a 3-way permutation-based ANOVA, including the factors: ‛Year' (fixed factor), ‛Season' (fixed factor and orthogonal to ‛Year') and ‛Site' (random factor orthogonal to both ‛Year' and ‛Site'). Pairwise comparisons using permutations (Anderson, 2001) resolved differences between years for each site (significant ‛Year x Site' interactions). Permutational Analysis of Variance uses permutations to calculate Pvalues. This was preferable because the data were over-dispersed and contained many zeros. In this sense, the Cochran's test was used to check for homogeneity of variances of each variable. However, no transformation rendered homogeneous variances for the biomass of C. nodosa and C. prolifera (Cochran's test, p < 0.05, for all type of transformations). The ANOVAs were then carried out on untransformed data, as it is robust to heterogeneity of variances for large balanced experiments (Underwood, 1997) .
To avoid an increase in a type I error rate, α values were then established at a conservative value of 0.01 (Underwood, 1997) . Similarly, the significance of pairwise comparisons was fixed at the α = 0.01 level. The test statistic (pseudo-F) is a multivariate analogue of the univariate Fisher's F ratio, and in the univariate context the two are identical when using Euclidean distance as the dissimilarity measure (Anderson, 2001 ).
Interaction between C. nodosa and C. prolifera: comparative field analysis
We sampled another 11 meadows (for a total of 16 meadows) in winter and summer of 2011 along the entire perimeter of Gran Canaria (Table 1) , following the same criteria outlined previously. All these seagrass meadows were included in the shallow-water marine qualitative seagrass cartography of the island produced in 2002 and 2003 (Espino et al., 2003) . A linear regression model tested whether the total biomass of C. nodosa and C. prolifera were significantly correlated at the island scale, i.e. including all 16 meadows, separately for winter and summer 2011, since both C. nodosa and C. prolifera show larger biomasses in summer than in winter in the Canary Islands (Reyes, 1993) .
Interaction between C. nodosa and C. prolifera: experimental approach
We set up twelve 2 x 2 m plots on a mixed C. nodosa and C. prolifera meadow (‛Gando Castillo', Table 1); adjacent plots were 2 m apart. Four plots were randomly assigned to each of 3 treatments: total (100%) removal of C. prolifera (ca. 140 ± 21 g DW m -2 ), partial removal (50%, ca.70 ± 9 g DW m -2 ) and no removal (0%, procedural control) of C. prolifera. Removal was performed by SCUBA divers that carefully handpicked stolons and blades of C. prolifera. An analogue disturbance, through flipping fins, but without actually removing C. prolifera, was conducted in control plots to avoid confounding results with manipulation artifacts. The experiment started on early March 2011 and lasted for 8 months; plots were visited every 5-6 weeks to maintain experimental treatments. At the end of the experimental period, 2 cores (20 cm of inner diameter) were collected, as previously described, from the center of each experimental plot, to avoid edge effects. All material was transferred to labelled bags and frozen (-20ºC ) until processed in the lab, following the same routines outlined before.
Differences in shoot density, leaf length and total biomass were tested with 1-way ANOVAs, including the factor ‛Treatment' (as fixed) with 3 levels: 100, 50 and 0%).
Pairwise comparisons resolved differences among treatments. ANOVAs were carried out on untransformed data, since all variables showed homogeneous variances among groups (Cochran's test, p > 0.05).
Results
Historical comparison
Shoot density, leaf length and total biomass of C. nodosa suffered a reduction from the mid-1990s to 2011 (Table 2) that resulted in significant differences between years (Table 3 , 3-way ANOVA: ‛Year', p < 0.05 in all cases). This reduction over time, however, varied in magnitude, but not in direction, from site to site (Table 3 , 3-way ANOVA: ‛Year x Site', p < 0.01 in all cases): pairwise comparisons showed a significant decrease, from the mid-1990s to 2011, for all descriptors, except leaf length, at the 5 sites. At one site (‛Arinaga', Table 2), the entire meadow had disappeared. Over the same time period, the total biomass of C. prolifera overall increased ca. 3-fold, although this trend varied notably among sites (Table 2) and resulted in an inconsistency in the differences between years (Table 3 , 3-way ANOVA: ‛Year x Site', p < 0.01). Post-hoc pairwise comparisons showed that only two meadows experienced a significant increase in the biomass of C. prolifera.
Interaction between C. nodosa and C. prolifera
In the island-scale comparison, biomass of C. nodosa and C. prolifera correlated negatively ( Fig. 1) in the growing season (summer), but not in winter.
At the end of the experimental period, shoot density and total biomass of C. nodosa experienced a significant (Table 4 , 1-way ANOVA: ‛Treatment', p < 0.0001) increase in total C. prolifera removal plots (100%) relative to plots where C. prolifera was partially removed (50%) or left untouched (0%) (Figs. 2a and 2b, respectively) .
However, the leaf length of C. nodosa did not differ significantly between treatments (Fig. 2c, Table 4 , 1-way ANOVA: ‛Treatment', p > 0.05).
Discussion
We observed a severe decline in the abundance, i.e. shoot density and biomass, of the seagrass Cymodocea nodosa at Gran Canaria between the mid-1990s and 2011, which is consistent with other studies reporting declines in seagrass abundance over the last decades (Hall et al., 1999; Hemminga and Duarte, 2000; Hughes et al., 2002; Waycott et al., 2009) . Similarly, a recent study has also documented an overall decrease in the cover of C. nodosa meadows at Gran Canaria in the last 3 decades (Martínez-Samper, 2011).
The exact reasons for the loss of C. nodosa in Gran Canaria are not clear, but we here discuss possible patterns. Four of the five studied sites are far away from any welldefined, visible, sources of human-induced disturbance, such as sewage and brine outlets, fish farms and ports. The only exception is ‛Arinaga', which could have been seriously affected by the construction of an industrial port, only 500 m away, 10 years ago (Martínez-Samper, 2011) . This is the only site with a complete disappearance of C. nodosa and C. prolifera during the study period (Table 2) . Therefore, it could well be that processes occurring at the island-scale, rather than punctual stressors have caused the seagrass deterioration at Gran Canaria.
Interactions with the green algae C. prolifera may partially contribute to the reduction in the abundance of C. nodosa, as we have empirically demonstrated here using both observational and experimental evidence. Caulerpa prolifera is a nitrophilic alga with clonal modular morphology (Collado-Vides, 2002). Contrary to many seaweeds, rhizoids of C. prolifera can take up nutrients from the sediment porewater, which may cover the total N requirement (Williams, 1984; Chisholm et al., 1996) . In the Mediterranean, C. prolifera has been shown to overgrow the rhizomes of Posidonia oceanica and C. nodosa (Ceccherelli et al., 2000) ; therefore, species interactions in these systems may occur both in the below and above ground compartments, interfering respectively with nutrient acquisition and light availability. In the Mediterranean, the growth, as well as the germination, of C. nodosa has been shown to be nutrient limited (Pérez et al., 1991; Terrados and Ros, 1993; Balestri et al., 2010) . This is likely pertinent for the Canary Islands, since adult leaves are considerably N-limited in the field (e.g. ~ 1% in N content, F. Tuya, unpublished data). Hence, it is plausible that C. prolifera could limit nutrient uptake by C. nodosa from the sediment, in particular since Caulerpa species have a high N requirements to support their large production of secondary metabolites. In this sense, Malta et al. (2005) estimated the minimum and critical N levels of C. prolifera at 1.7 and 5.2 %, respectively. The genus Caulerpa typically holds high levels of terpenes, including caulerpenyne, as herbivore deterrents and natural antibiotics (Pesando et al., 1996; Jung et al., 2002 ), yet terpenes do not contain N molecules and contradicting data have been reported on proteins (Malta et al., 2005) . It has been shown that allelochemicals can be involved in inter-specific competition among marine macrophytes. For example, caulerpenyne can be relevant in the interference of Caulerpa and C. nodosa, by decreasing photosynthetic yield (Raniello et al., 2007) . In addition, C. prolifera may alter the biogeochemical conditions of the substrate by increasing organic matter pools, microbial activity and sulfide pools of the sediments which can negatively affect the performance of seagrasses, as has been described for meadows constituted by Posidonia oceanica in the Mediterranean (Holmer et al., 2009 ). Both C. prolifera and C. nodosa are native species in the study region, co-occurring on these sites for times much longer than the recently observed decline in C. nodosa. Apparently, some variable(s) has changed, altering the coexistence equilibrium between the species in favour of C. prolifera.
In the Mediterranean and the adjacent Atlantic coasts, competitive interactions between C. nodosa and C. prolifera have been suggested to explain the local regression of C. nodosa meadows (Lloret et al., 2005; Morris et al., 2009, respectively) . In both studies, however, local changes in environmental conditions, e.g. turbidity and water column nutrient concentrations, were a source of disturbance that facilitated the replacement of C. nodosa by C. prolifera. These two studies (Lloret et al., 2005; Morris et al., 2009 ) come from sheltered estuarine/coastal lagoon systems quite different relative to Gran Canaria: an ‛open' oceanic island exposed to oceanic currents and large turbulence induced by waves. Oceanic swells, particularly in winter, are a source of physical disturbance that may remove large quantities of C. nodosa along the southern parts of Gran Canaria, accumulating as ‛wrack' on adjacent beaches (Portillo, 2008) . As a result, it is plausible that C. prolifera may have taken advantage, after frequent storms that rip off seagrasses or other disturbances (e.g. abrupt sedimentation and light reduction events), to colonize open soft substrates that cannot be re-colonized by C. nodosa afterwards. This mechanism, however, remains untested and deserves attention in future studies. Moreover, meadows of C. nodosa are most likely susceptible to nutrient enrichment, as a result of the low nutrient concentrations in the water column Although we lack historical data for the study region on nutrient concentrations in the water column, oceanic nutrient concentrations have raised worldwide, even in nearly pristine environments (Halpern et al., 2008) .
C. nodosa is a dioecous species, a trait that could lead to a higher vulnerability to population bottlenecks (Cunha et al., 2011) . C. nodosa has a limited long-distance dispersal potential through seeds as a result of their negative buoyancy (Alberto et al., 2001) , limiting successful meadow establishment to sporadic events (Alberto et al., 2005) . Therefore, recovery from large disturbance events (e.g. storms, abrupt sedimentation, light reduction, etc.) may take long time, suggesting a low resilience of C. nodosa to disturbances in the study area. Cymodocea nodosa between plots where complete (100%), partial (50%) and no (0%, controls) removals of Caulerpa prolifera were carried out. Different letters above bars denote significant differences.
